Abstract P2Y 6 receptor in bladder smooth muscle responds to UDP by increasing muscle tone and augmenting bladder contractions. The exact cellular location of the receptor is however unknown. Three commercially available antibodies to P2Y 6 receptor gave clean bands on Western blot which were eliminated by specific peptide competition. Two of the three also immunostained bladder smooth muscle cells while leaving adjacent interstitial cells of Cajal unstained. However, attempts to validate the specificity of these antibodies by performing the same assays on bladders from P2Y 6 knockout mice were unsuccessful. In Western blots, all three antibodies bound similar proteins in both wild type and P2Y 6 knockout tissue. Immunostaining of knockout tissue sections also showed no difference in staining patterns or intensity. We conclude that rigorous controls are required when using commercial reagents to this G-protein coupled receptor and perhaps to other members of the P2Y receptor family.
Introduction
P2Y 6 is a G-protein coupled purinergic receptor (GPCR) which is activated by UDP, making it unique in the P2Y receptor family. The rat and human orthologs of P2Y 6 were cloned in 1995 and 1996, respectively (Chang et al. 1995; Communi et al. 1996) and were shown to have broad tissue distributions by Northern blot and significant expression in smooth muscle. More recently, the creation of knockout mice lacking the receptor, along with the advent of highly specific pharmacological reagents, has allowed investigators to begin to explore its role in various tissues using state of the art tools (Koizumi et al. 2007; Bar et al. 2008; Jacobson et al. 2009 ).
Our interest lies in the area of purinergic regulation of bladder motility-both the contractile function required to expel urine as well as the mechanisms of smooth muscle relaxation required to accommodate filling. In the normal setting, mechansosensors in the bladder wall signal to afferent sensory neurons and activate a reflex arc involving the pontine micturition center in the brain. Subsequently, parasympathetic nerves innervating the smooth muscle release acetylcholine and ATP to elicit a voiding contraction. The purinergic component in humans is normally considered minor, but in disease settings such as overactive bladder, neurogenic bladder, and interstitial cystitis there is significant upregulation of purinergic pathways (Ruggieri 2006) . Using pharmacological approaches, we recently showed that P2Y 6 plays an important modulating role in bladder smooth muscle (BSM) contraction in mice. In BSM strips exposed to electrical field stimulation, convincing evidence was obtained for UDP release as a neurotransmitter from parasympathetic neurons with subsequent activation of P2Y 6 .
Although several reports including our own suggested that detrusor strips express P2Y 6 , the tissue is composed of several cell types in addition to myocytes. These include fibroblasts, myofibroblasts, neurons, and several types of interstitial cell (Koh et al. 2012; Yu et al. 2012) . Therefore, we wished to precisely identify which cells were expressing the receptor. Surprisingly, when we attempted to investigate the expression of P2Y 6 using both Western blot and immunofluorescent localization, we found that three commercially available antibodies, all of which had been used for this purpose and published in various other tissues, failed tests of specificity. Indeed, in our hands, they failed the ultimate test in that they were unable to discriminate between wild type and P2Y 6 knockout bladder tissue. This brief communication is therefore intended to highlight a specific problem we encountered with the specificity of three commercial reagents to P2Y 6 , but also to add our observations to the growing body of evidence suggesting that GPCR antibodies widely used by the scientific community are often unreliable and require careful validation. As noted previously in this journal, there appears to be a systemic difficulty in creating antibodies for this important class of signaling protein (Michel et al. 2009 ).
Methods and reagents

Animals
P2Y 6
−/− mice were created from a targeting construct in which the coding exon for P2Y 6 was deleted (Bar et al. 2008) . Bladders were removed from C57Bl/6 J mice after euthanization by CO 2 inhalation. Bladders from knockout (KO) mice were either fixed in paraformaldehyde (PFA) and frozen in OCT, or homogenized and dissolved in RIPA buffer for shipment on dry ice to Beth Israel Deaconess Medical Center (BIDMC) in Boston. All experiments were performed in accordance with the National Institutes of Health animal use and care guidelines and with BIDMC IACUC approval.
Antibodies
We chose to test three commercially available antibodies based on two criteria. Firstly, on the grounds that they had been specifically referenced and validated to some extent in the published literature and, secondly, because they corresponded to three different regions of the molecular target. A relatively popular P2Y 6 antibody from Alomone Labs (Catalog #APR-011) is a rabbit polyclonal reactive to mouse and rat tissue in Western blot and immunohistochemistry (IHC; manufacturer's information) and directed to the intracellular C-terminal segment. The second from Santa Cruz Biotechnology (Catalog #sc-15215) is a goat polyclonal directed against the N-terminus and rated by the manufacturer for Western blot, immunoprecipitation, ELISA, and IHC. The third antibody from MBL International Corp. is a rabbit polyclonal directed against the second cytoplasmic intracellular loop of the human P2Y 6 receptor (Catalog #MC-2726). This region is conserved in both mouse and human. Our choice of this product was due to the apparent success of this region in generating antibodies which had successfully detected P2Y 6 in both human and mouse samples. Jiang et al. produced their own antibody to this region and showed efficacy in Western blots of P2Y 6 -transfected CHO cells, immunofluorescence on human mast cells, and in-flow cytometry of primary human mast cells (Jiang et al. 2009 ). Thus, it appeared to have good potential for specificity and efficacy.
Western blot and immunofluorescence
Tissue preparation, fixation, cryosectioning, and immunostaining were performed as described in Kanasaki et al. (2013) . Standard fixation is performed with 4 % PFA/100-mM sodium cacodylate buffer pH 7.4. However, due to the propensity of some antibodies to "see" antigens under different fixation conditions, we also used cold (−20°C) 100 % methanol for 5 min for all tested antibodies. Results were similar under either fixation. Co-immunostained sections were incubated with antibodies to ectonucleoside triphosphate diphosphohydrolase 2 (polyclonal sheep antibody from R&D Systems, Minneapolis, MN, USA; Cat# AF5797) and CD34 (monoclonal rat antibody from Abcam, Cambridge, MA, USA; Cat# MEC14.7) to identify interstitial cells (Yu et al. 2012) . Nuclei were visualized with Topro-3-iodide (1:1,000) and actin with rhodamine-phalloidin (1:50).
Results
To investigate expression of P2Y 6 in detrusor strips from control mice, samples were lysed in 0.5 % sodium dodecyl sulfate (SDS) lysis buffer and cell lysates separated by SDSpolyacrylamide gel electrophoresis (PAGE) were probed with the Alomone Labs P2Y 6 receptor antibody. Western blot analysis revealed a single protein band at a molecular weight of~25 kDa (Fig. 1a) , which is lower than the predicted nominal molecular mass of the protein (~37 kDa) and lower than the example shown on the manufacturer's website which has a band visible at~100 kDa. In an initial attempt to confirm the specificity of the antibody, we pretreated it with control peptide, which completely abolished the signal (Fig. 1a) . To further investigate the possibility of a higher molecular weight P2Y 6 complex in detrusor (e.g., a tetramer could show up at 100 kDa), tissue was lysed by gentle coimmunoprecipitating lysis buffer (no SDS) and probed under reducing (0.1 M dithiothreitol) and nonreducing conditions (without dithiothreitol). Our results showed that only ã 25 kDa protein band could be detected under any of these conditions (Fig. 1a) . The antibody robustly identified just a single band in the protein lysate which was competable with cognate peptide. While the lack of coincidence of molecular weights was of concern to us, it has been noted before that GPCRs can migrate to lower molecular weights on SDS-PAGE than the nominal mass would indicate. For example, cell-free expression of GPCRs run on SDS-PAGE gel and silver stained, showed four different receptors all running lower than 30 kDa despite their nominal molecular masses being in the range of 36-38 kDa (Corin et al. 2011) . Furthermore, a study of epitope-tagged histamine H2 receptors from different species showed a diverse array of bands on Western blots from 27 kDa to high molecular weight, presumed multimers of 150 kDa (Preuss et al. 2007) .
Localization by immunofluorescence staining and confocal imaging on 5 μm cryosections demonstrated a strong, specific P2Y 6 signal in BSM cells and partial staining of lamina propria with positive cells occurring immediately beneath the urothelium (not shown). Staining was completely abrogated by pretreatment of antibody with peptide (Fig. 1b, c) . Costaining of bladder sections with the interstitial cell marker ectonucleoside triphosphate diphosphohydrolase 2 (Entpd2; Yu et al. 2011b ) showed a clear separation between smooth muscle bundles and surrounding interstitial cells of Cajal, encouraging us to believe that P2Y 6 was specifically localized to BSM cells. However, when we attempted to show loss of immunostaining in BSM from P2Y 6 −/− mice, the staining was not different between control mice of the same background and the knockouts (Fig. 2) . The green P2Y 6 antibody staining in discrete cells within the smooth muscle was identical and since positive cells were found throughout the bladder in the knockout mice, it can only be concluded that the antibody is detecting some other antigen. This lack of specificity was borne out in kidney also with both immunofluorescence and immunoperoxidase staining approaches showing no difference when the Alomone antibody was used on P2Y 6 knockout tissue (Fig. 3) . At this point, we reevaluated our assumptions and purchased the other two antibodies. We ran Western blots on wild type and P2Y 6 KO bladder lysates and immunoprobed with the three different antibodies (Fig. 4) . Each detected the same bands in control and in KO tissue. Interestingly, both Alomone and MBL antibodies detected major species at 25 kDa while Santa Cruz detected an epitope closer to the predicted molecular weight, at~40 kDa. Clearly, none of the antibodies can be considered specific for P2Y 6 . When the Santa Cruz and MBL antibodies were tested for their ability to stain bladder sections, Santa Cruz produced a robust and convincing smooth muscle bundle staining pattern (Fig. 5 ) which was clearly distinct from interstitial cell marker CD34 (Yu et al. 2012) . However, strong staining with this antibody was also seen in KO tissue (not shown). The MBL antibody failed to show a specific signal on tissue sections.
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Discussion
Antibodies in combination with modern imaging techniques and newly developed stable and bright fluorescent reagents have been of enormous benefit in identifying and localizing low abundance proteins in complex tissue. The weak link in these technologies however remains the primary antibodies which are purchased at some expense from commercial suppliers. A common tactic to avoid buying "bad" antibodies is to use the literature to try to identify primary antibodies which have worked for others. For this reason, it is concerning to find, as shown here, apparently well-validated antibodies which failed when subjected to stringent controls and were unable to discriminate between normal and knockout tissue.
Of the three antibodies we tested, our examination of the literature, indicated that APR-011 from Alomone Labs has been widely used and has been published several times with beautiful images provided in rat retina (Wurm et al. 2009; Brass et al. 2012; Zhang et al. 2012 ) and duodenum (Mizumori et al. 2009; Brass et al. 2012) and Western blot data provided in
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Actin/Nuclei Merge P2Y 6 +/+ P2Y 6 -/- Fig. 2 Immunostaining of bladder cryosections from control (upper panels) and P2Y 6 −/− bladders (lower panels) using Alomone's APR-011 antibody. Rhodaminephalloidin stained smooth muscle actin (red) and Topro-3 identified nuclei (blue). Scale bars=20 μm
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-/-P2Y 6 +/+ Antibody Antibody + Peptide Fig. 3 Immunostaining of kidney sections from control and knockout mice using APR-011. Left panels show immunofluorescent labeling of tubules (arrows) in both P2Y 6 positive and negative tissue. Right panels show peptide competition of the antibody resulting in dramatically diminished binding to kidney sections from both control and KO animals (middle panels) cell lines (Lau et al. 2011; Tamaishi et al. 2011) . One reason this antibody is so compelling is its ability to discriminate between cell types and produce specific staining patterns within a tissue. This was our experience also in BSM (Figs. 1 and  2 ). However, based on its specific staining pattern in tissue containing no P2Y 6 , we conclude that there is another cellular antigen identified by this antibody.
Of the remaining two tested antibodies, the Santa Cruz reagent was used with seemingly good results in mouse skeletal muscle (Chen et al. 2011 ) and in rat anterior pituitary (Yu et al. 2011a) ; for the MBL antibody, we could not find specific references of its use, but Jiang et al. demonstrated apparently specific staining with an antibody made to the same epitope (Jiang et al. 2009 ).
Are there possibly trivial explanations for our results? There have been examples where knockout strategies result in incomplete knockouts which transcribe some portion of the protein coding region, thus making available epitopes for antibodies to "see" (Muller 1999; Hall et al. 2009 ). This is unlikely to be the explanation for our data since the P2Y 6 knockout was designed around the removal of the entire single coding exon (Bar et al. 2008 ) and secondly, because the antibodies tested were raised to three entirely different regions of the receptor.
The failure of three commercially available antibodies all of which have been used in published studies on P2Y 6 is of concern and reinforces the need for investigators, journals, editors, and reviewers to demand appropriately rigorous controls. The gold standard, clearly, is to stain similar samples with and without the antigen of interest. This can be accomplished with KO tissue but also, when that option may be unavailable, with heterologous expression of the antigen in cells which lack it (Saper and Sawchenko 2003) . Furthermore, the widespread use of the "competing peptide control" as a proof of specificity is actually not a reliable proof of specificity for the holoprotein and perhaps misunderstood by some as to what it indicates (Saper and Sawchenko 2003) .
P2Y 6 is a G-protein coupled receptor. Interestingly, there are a growing number of GPCRs which have been described as having poorly validated detection reagents. β(3)-adrenergic receptors have been identified as promising candidates in lower urinary tract for drug interventions which assist with overactivity, urgency, and incontinence. However, a survey of five commercial antibodies raised against different parts of the protein showed that all were ineffective in Western blot of transfected CHO cells and only two of five appeared to have some degree of specificity in immunocytochemistry (Cernecka et al. 2012) . In another study, three of four commercial antibodies directed against the GPCR, PAR2 gave nonspecific signals to endogenous PAR2 by Western blot (Adams et al. 2012) . And an investigation into specificity of histamine H 4 -receptor antibodies led the authors to conclude that in both Western blot and flow cytometry, three commercial antibodies do not bind to the specified protein, either in heterologous expression systems or in endogenously expressing cells . In response to Sections were costained with antibody to interstitial cell marker CD34 (red). Scale bar 10 μm this, Gutzmer et al. disagreed with some of the conclusions since they felt that work from their laboratory using one of the antibodies had proved its efficacy and that technical differences in the experimental designs were responsible for discrepant results (Gutzmer et al. 2012) . While conceding some points, the Beermann group nonetheless strongly defended the primary conclusions ). This debate emphasizes the difficulty of "proving" that antibodies do not work but is worth having in an attempt to "raise the bar" overall for what is generally considered satisfactory evidence of specificity.
In conclusion, we feel we can add P2Y 6 to the collection of GPCRs which have recently been described as having seriously deficient antibodies. These include dopamine receptors, α and β-adrenergic receptors, and muscarinic receptors. As noted in Michel et al. (2009) , the lack of selectivity of GPCR antibodies appears to be the rule rather than the exception and antibody-based data needs to employ one or more of the rigorous controls described comprehensively in Seifert et al. (2013) .
